Four nodulated soybean cultivars were grown to maturity in a greenhouse. Fully expanded leaves at the top of the canopy were sampled during vegetative growth (45 days), at flowering (79 days), and at mid-podfll (120 days). In general, activities of SPS and uridine-5-diphosphatase were highest during vegetative growth, and they decreased during reproductive development, whereas activity of sucrose synthase and leaf starch content tended to increase. Leaf starch was negatively correlated with levels of SPS (r = -0.71). The results support the postulate that sucrose-P synthetase is a key control point regulating the photosynthetic formation of sucrose, and, hence, starch.
mation of starch and sucrose are of considerable current interest. It has been established that starch is synthesized in the chloroplast, whereas sucrose is formed in the cytoplasm (16) . Consequently, carbon skeletons must be transported from the chloroplast stroina, where they are formed, to the cytoplasm. It is thought that triose phosphates are transported out of the chloroplast in exchange for cytoplasmic Pi on a transport system known as the phosphate translocator (4, 15) . In vivo, the concentration of cytoplasmic Pi would be controlled by the rate ofmetabolism oftriose phosphates to sucrose. Hence, the rate of starch formation could be controlled indirectly by the rate of sucrose formation.
It is thought that sucrose formation is catalyzed by the sequential action of SPS2 (UDP glucose + fructose-6-P -+ sucrose-P + UDP) and sucrose phosphatase (sucrose-P -* sucrose + Pi) to yield free sucrose (16) . Mature leaves of many species also contain some activity of SS (UDP glucose + fructose = sucrose + UDP). However, the role of this enzyme, which catalyzes a reversible reaction, in sucrose metabolism in mature leaves is not known. Recently, UDPase (UDP -* UMP + Pi) activity was identified and characterized in fully expanded soybean leaves (S. C. Huber and D. M. Pharr, unpublished). A possible role of this enzyme in sucrose formation was postulated because of the central role of UDP, which inhibits SPS and acts as substrate for sucrose breakdown by SS. Classically, leaf starch accumulation has been thought to represent carbon fixed in excess of that required by the plant. However, in recent studies with whole plants, Chatterton and Silvius (2, 3) concluded that photosynthate partitioning into starch was a programmable process that may be controlled in part by the rate of sucrose synthesis (14) . Further, in a recent survey of various species known to differ in rates of leaf starch accumulation, evidence was obtained that the partitioning of carbon between starch and sucrose is biochemically controlled within the mesophyll cell (6) and that genetic variation (interspecific) exists in the control mechanism. The postulate was based on the observation that differences among species in leaf starch accumulation were reflec between starch and sucrose in the absence of possible constraints imposed by the rest of the plant. Evidence was obtained that the activity of SPS may be rate-limiting for sucrose formation and might account for variation among species in starch/sucrose formation (7) . The objectives ofthe present study were: (a) to identify variation among soybean cultivars in photosynthetic formation of starch and sucrose and to identify the biochemical basis for the differences observed; and (b) to determine the effects of plant N-source and photoperiod on carbon partitioning between starch and sucrose in the mesophyll cell.
MATERIALS AND METHODS
Three separate studies were conducted with soybean (Glycine max L. Merr.) plants. September, 1980 . Growth conditions were as described previously (9) . Recently fully expanded leaves were assayed as described below, at 45 d (vegetative), 79 d (flowering), and 120 d (mid-podfill).
Experiment 3: Effect of Photoperiod. At the flowering stage, four uniform Ransom plants cultured at the same time and under the same conditions as those described for experiment 2 were used to test the effect of normal (14-h) and short (7-h ) photoperiods on photosynthetic characteristics. Two plants served as the control under natural greenhouse conditions (about 14-h photoperiod), and two plants were subjected to complete shading after 7 h of sunlight. Leaf samples were taken-after 0, 2, and 4 d of treatment-from the second, third, and fourth trifoliolates, respectively, from the mainstem apex. On each day, two 0.78-cm2 punches were taken for starch analysis at 2-h intervals starting at 0700 h. After 7 h of sunlight, the middle leaf of the trifoliate was taken for enzyme analyses and isolation of leaf cells. Because the experiment was performed with daily variation in light intensity, estimates of starch accumulation rate had to be made relative to the control plants.
In all three experiments, samples for biochemical measurements were taken from the most recently fully expanded leaves.
Starch Analysis. About 0.5 g of fresh leaf tissue was extracted with hot 80%1b ethanol until the tissue was pigment-free. The brownish pellet obtained by centrifugation was suspended in 2 ml 0.2 N KOH and placed in boiling water for 30 min. After cooling, the pH of the mixture was adjusted to about pH 5.5 with 1 M acetic acid. An equal volume of amyloglucosidase from Rhizopus mold, Sigma) solution (400 units/ml in 0.1 M citrate buffer, pH 5.5) was added, and the tubes were incubated at 45°C for 4 to 6 h. After digestion, the tubes were placed in boiling water for 1 min, and an aliquot of the supernatant was analyzed for glucose.
Enzyme Extraction and Assays. Leaves (about 3 g fresh weight)
were ground in a chilled mortar with 25 ml grind medium containing 25 mm Hepes-NaOH (pH 7.5), 5 ums MgCl2, 0.5mM
EDTA, 2% PEG-20, 3 mm DTT, and 1% BSA. The brei was filtered through eight layers of cheesecloth, and cells were disrupted by passage through a French pressure cell (330 kg/cm2).
Debris was pelleted by centrifugation at 38,000g for 10 min. An aliquot of the supernatant was desalted on a 3-ml Sephadex G-50 column (equilibrated with 25 mm Hepes-NaOH [7. 51, 5mrim MgCl2, and 0.5 mm EDTA) prior to enzyme assay. Sucrose-P synthetase was assayed by measurement of fructose-6-P-dependent formation of sucrose (+sucrose-P) from UDP-glucose. The assay mixture (70,ul) contained 8 mm UDP-glucose, 8 mM fructose-6-P, 15 mM MgC12, 40 mm Hepes-NaOH (pH 7.5), and desalted leaf extract. The assay mixture for sucrose synthase was the same, except that fructose replaced fructose-6-P. Mixtures were incubated at 25°C for 10 min, and reactions were terminated by addition of 70 P1 N NaOH. Unreacted fructose-6-P (or fructose) was destroyed by placing the tubes in boiling water for 10 min. After cooling, 0.25 ml of 1% resorcinol in ethanol and 0.75 ml of 30%o HCI was added, and the tubes were incubated at 80°C for 8 min (12) . The tubes were chilled on ice and centrifuged at 1,500g for 5 min, and the A520 was measured.
Activity of UDPase was monitored by measuring the disappearance of UDP at 25°C. 2,4-dinitrophenylhydrazine in 2 M HCI. After 5 min at room temperature, 0.2 ml of 10 N NaOH and 0.5 ml ethanol were added.
The tubes were mixed, and A520 was measured. NADP-glyceraldehyde-3-P dehydrogenase was assayed following the procedure of Latzko and Gibbs (10 Variation in leaf starch content (sampled at 1100 h) was observed for the four varieties tested. In general, nitrate-dependent plants had higher leaf starch content than did N2-fxing plants, and there was an overall inverse relation between amount of starch in leaves and the activity of SPS in leaf extracts (r = -0.66) (Fig. 1) .
Effect of Photoperiod (Experiment 2). Transfer of nodulated soybean plants (Ransom) from a 14-h to a 7-h photoperiod caused increased starch accumulation in leaves (Table II) . The effect on starch accumulation rate was apparently maximal within 2 d after transfer. This is consistent with-the reports of Chatterton and Silvius (2, 3) that photoperiod affects starch accumulation in a number of species. The altered starch metabolism in whole leaves was reflected at the level of isolated cells (Table II) . By the second d, cells from plants exposed to the short photoperiod (7 h) partitioned more carbon into starch and less into sucrose than did cells isolated from control plants (14-h photoperiod).
The shift in photoperiod from 14 h to 7 h also caused decreased activities of SPS, SS, and UDPase in leaf extracts after 2 d (Table  III) . However, activity of the Calvin cycle enzyme NADP-glyceraldehyde-3-P-dehydrogenase and leaf Chl content (mg/dM2) apparently were not affected by the shift in photoperiod (Table  III) .
Partitioning of carbon into sucrose by isolated cells (as percentage of total carbon fixed) was positively correlated with activity of SPS (r = 0.80), SS (r = 0.80), and UDPase (r = 0.98) (Fig. 2, A highest in leaves from the top of the plant, and they decreased toward the base, whereas variation in activity of SS with leaf position was less pronounced (data not shown). Levels of leaf starch also tended to increase with plant age. Considering all the data obtained for the three sampling dates and four varieties, leaf starch content was negatively correlated with the activity of SPS (r = -0.71) (Fig. 4) . Lowest leaf starch levels and highest activities of SPS were measured in leaves of vegetative plants.
DISCUSSION
The results obtained in the present study with soybean cultivars support the postulate (7, 14) that the partitioning of photosynthetically fixed carbon between starch and sucrose within the mesophyll cell is controlled, at least in part, by the activity of SPS. Labeling of starch and sucrose by "'CO2 assimilation in isolated leaf cells was used to assess the potential for starch/sucrose formation (6) . It has been demonstrated that sucrose formed leaves ( Fig. 2 ; Table I ). Starch and sucrose together accounted for 60 to 80% of the carbon fixed in isolated leaf cells, and increased flux of carbon into one product occurred at the expense of the other (Table I) (Table   II) . Decreased sucrose formation (in isolated cells) caused by the shortened photoperiod was correlated with decreased activity of SPS, SS, and UDPase (Fig. 2) in leaf extracts. The correlation with UDPase activity may suggest that removal of UDP, an inhibitory end-product of SPS, tends to increase the flow ofcarbon into sucrose. Also, SS may have a minor role in photosynthetic sucrose formation. Shortened photoperiod did not cause a decrease in activity of the Calvin cycle enzyme NADP-glyceraldehyde-3-P-dehydrogenase, and leaf Chl content was unaffected (Table II) .
Root nodulation also affected carbon partitioning within the mesophyll cell, to favor increased sucrose and decreased starch formation. The trends were observed in three of the four varieties tested (Table I) . Previously, Housley et al. (5) reported that nodulation did not affect the '4CO2 labeling patterns of soybean Wells leaves. Apparently, varietal differences exist in the effect of nodulation on photosynthetic characteristics. Increased sucrose formation in leaves of nodulated plants may accommodate the increased root demand for assimilates for nodule maintenance and function. Photoperiod and nodulation may also affect other processes, such as translocation, which could affect whole leaf starch accumulation. However, the observed effects on activities of sucrose-forming enzymes would be sufficient to account for changes in partitioning of carbon in leaves.
Partitioning of carbon between starch and sucrose in leaves may be one of the factors affecting the growth of shoots relative to roots. Chatterton and Silvius (2) observed that, in addition to affecting leaf starch accumulation, photosynthetic photoperiod also affected shoot-root ratios, and they suggested that carbon mobilized in the dark (from starch) was preferentially retained in the shoot. Similarly, Pearson (11) reported that roots of corn seedlings had a positive growth rate during the light period and a negative growth rate in the dark. Hence, roots may preferentially obtain carbohydrates made available in the light.
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